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Abstract

The proto-oncogenic properties of the POK family of transcriptional repressors BCL6, PLZF, and LRF have been well established.
These proteins utilize their amino-terminal POZ domains for multimerization and the recruitment of co-repressors. Because LRF
represses the production of the tumor suppressor p19Arf (ARF), it is regarded as an attractive therapeutic target for the treatment of
many types of cancer. The crystal structure of the LRF POZ domain reveals a high degree of structural conservation with the corre-
sponding domains of BCL6 and PLZF. However, striking differences between the electrostatic properties of the BCL6 and LRF POZ
domains suggest that if, like BCL6, LRF interacts with the co-repressor SMRT, it almost certainly uses a different mechanism to do
so. These differences may also explain why LRF interacts with BCL6 but not with PLZF. Finally, the conservation of crystal packing
contacts suggests the probable location of the interface that mediates LRF/BCL6 complex formation.
Published by Elsevier Inc.
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POK (POZ and Krüppel) family proteins are ubiquitous
transcriptional repressors. Several of them have been
shown to play central roles in human cell differentiation
and development [1–3]. Furthermore, oncogenic properties
have been attributed to POK proteins BCL6 (B-cell lym-
phoma 6) [4–6], PLZF (promyelocytic leukemia zinc finger)
[7], and, most recently, LRF (leukemia/lymphoma related
factor; also known as OCZF, FBI-1, and pokemon) [8,9].
POK proteins have a modular architecture consisting of
two domains separated by a long, possibly unstructured
linker. The carboxy-terminal Krüppel-type zinc finger
domains bind to DNA at specific consensus sequences
upstream of transcription initiation sites. The amino-termi-
nal domains of POK family proteins are known as POZ
(poxvirus and zinc finger) or BTB (bric-a-brac tramtrack
broad complex) domains [10]. The POZ domain mediates
homodimerization and oligomerization [10]. The POZ
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domain also facilitates the recruitment of co-repressor pro-
teins such as SMRT [11], N-CoR [12], BcoR [13], and
mSin3A [12,14] as well as class I and II histone deacetylases
[12,14,15].

LRF directly represses transcription of the tumor sup-
pressor gene ARF, thereby promoting tumor growth [9].
The oncogenic properties of the related POK protein
BCL6 are greatly enhanced by LRF [9]. BCL6 and LRF
have been shown to interact with themselves as well as each
other by yeast two-hybrid studies [1]. However, while
homodimerization depended only on their POZ domains,
the formation of heterodimers required the full-length pro-
teins [1]. Curiously, the same study failed to detect an inter-
action between LRF and PLZF, another POK protein that
is even more closely related to LRF than is BCL6 (Fig. 1A).
The crystal structures of the POZ domains of BCL6
(POZBCL6) [16] and PLZF (POZPLZF) [17,18] have been
reported previously. The structure of the POZBCL6 domain
in complex with a peptide constituting the SMRT-binding
epitope has also been published [16].
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Fig. 1. The POZLRF structure. (A) ESPRIPT-generated [32] structure-based sequence alignment of POZLRF, POZBCL6, and POZPZLF. The secondary
structures of POZLRF and POZBCL6 are displayed above and below the alignment, respectively. (B) Backbone superposition of the POZ domains of LRF,
BCL6, and PLZF. (C) Ribbon model of the dimeric POZLRF domain.
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Here, we report the crystal structure of the POZ domain
of the human proto-oncogene LRF (POZLRF). We com-
pare and contrast its structure with those of the POZBCL6

and POZPLZF domains, and speculate about the structural
basis for similarities and differences between their
roles in hetero-oligomerization and the recruitment of
co-repressors.

Materials and methods

Cloning, expression, and purification. The POZ domain of human LRF
was amplified from Image clone ID 6379572 (American Type Culture
Collection, Manassas, VA) by the polymerase chain reaction (PCR) using
the following oligonucleotide primers: 5 0-GAGAACCTGTACTTC
CAGGCCGGCGGCGTGGACGGCCCCATC-30 and 5 0-GGGGAC
CACTTTGTACAAGAAAGCTGGGTTATTAGTCCAGGAGGTCGG
CGCACACGTG-3 0 (primer R). The PCR amplicon was subsequently
used as template for a second PCR with the following primers: 5 0-
GGGGACAAGTTTGTACAAAAAAGCAGGCTCGGAGAACCTGT
ACTTCCAG-3 0 and primer R. The amplicon from the second PCR was
inserted by recombinational cloning into the entry vector pDONR201
(Invitrogen, Carlsbad, CA), and the nucleotide sequence confirmed. The
open reading frame encoding POZLRF (A2–D128) and containing a rec-
ognition site (ENLYFQ/A) for tobacco etch virus (TEV) protease on its
N-terminus was moved by recombinational cloning into the destination
vector pDEST-HisMBP to produce pJT18. pJT18 directs the expression of
POZLRF as a fusion to Escherichia coli maltose-binding protein (MBP)
with an intervening TEV protease recognition site. The MBP contains an
N-terminal hexahistidine tag for affinity purification by IMAC. The fusion
protein was expressed in the E. coli strain BL21(DE3) (Novagen, Madi-
son, WI). Cells containing the expression vector were grown to mid-log
phase (OD600 � 0.5) at 37 �C in Luria broth containing 100 lg ml�1

ampicillin and 0.2% glucose. Overproduction of fusion protein was
induced with isopropyl-b-D-thiogalactopyranoside at a final concentration
of 1 mM for 4 h at 30 �C. The cells were pelleted by centrifugation and
store at �80 �C.
All procedures were performed at 4–8 �C. Ten grams of E. coli cell
paste was suspended in 50 mM sodium phosphate (pH 7.5), 200 mM
NaCl, and 25 mM imidazole buffer (buffer A) containing 1 mM benzam-
idine HCl (Sigma Chemical Company, St. Louis, MO) and Complete
EDTA-free protease inhibitor cocktail tablets (Roche Molecular Bio-
chemicals, Indianapolis, IN). The cells were lysed with an APV-1000
homogenizer (Invensys, Roholmsvej, Germany) at 10,000 psi and centri-
fuged at 30,000g for 30 min. The supernatant was filtered through a
0.22 lm polyethersulfone membrane and applied to a 12 ml Ni–NTA
superflow column (Qiagen, Valencia, CA) equilibrated in buffer A. The
column was washed to baseline with buffer A and then eluted with a linear
gradient of imidazole to 250 mM. Fractions containing recombinant
His6-MBP-POZLRF were pooled, concentrated using an Amicon YM10
membrane (Millipore Corporation, Bedford, MA), diluted with 50 mM
sodium phosphate (pH 7.5), 200 mM NaCl buffer to reduce the imidazole
concentration to about 25 mM, and digested overnight with His6-tagged
TEV protease. The digest was applied to a 50 ml Ni–NTA superflow
column equilibrated in buffer A and the POZLRF domain emerged in the
column effluent. The column effluent was incubated overnight with 10 mM
dithiothreitol (DTT), concentrated as above, and applied to a HiPrep 26/
60 Sephacryl S-100 HR column equilibrated in 25 mM Tris–HCl (pH 7.5),
150 mM NaCl, and 2 mM DTT. The peak fractions containing POZLRF

were pooled and concentrated to 24–25 mg ml�1 (estimated at 280 nm
using a molar extinction coefficient of 3840 M�1 cm�1). Aliquots were
flash-frozen in liquid nitrogen and stored at �80 �C. The final product was
judged to be >95% pure by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis. The molecular weight of POZLRF was confirmed by
electrospray mass spectroscopy.

Crystallization and X-ray data collection. Crystallization screening of
the POZLRF sample was conducted in CrystalQuick round-bottomed
plates (Hampton Research, Aliso Viejo, CA) using the sitting drop tech-
nique. Three different protein to precipitant ratios (4:1, 1:1, and 1:4) were
screened with a Hydra II Plus One (Matrix Technologies) liquid handling
robot. The sample was initially screened with commercially available
crystallization matrices and crystals were obtained from condition 28 of
the PEG/Ion crystallization Screen (Hampton Research, Aliso Viejo, CA).
The initial crystal diffracted to weaker than 4 Å and therefore we screened
for a suitable additive. Ultimately, optimized conditions that yielded the



Table 1
Data collection and refinement statistics

LRF

(A) Data collection statistics

Resolution (Å) 50–2.03
Wavelength (Å) 1.00
Space group I4122 (tetragonal)
Cell (Å) a = b = 65.8; c = 162.6
Completeness (%) (last shell)a 98.2 (2.13–2.03:99.8)
Redundancy 13.4 (12.7)
I/rI 25.9 (8.8)
Rmerge (%)b 9.6 (25.9)

(B) Refinement statistics

Resolution range (Å) 50–2
R (%)c 22.9
Rfree (%)d 29.1
rms bonds (Å) 0.017
rms angles (�) 1.60
Number of water molecules 123
Temperature factor (Å2) 21.6
Number of protein atoms 1562
Number of solvent molecules 117
Ramachandran analysis (%)

Most favored 91.2
Allowed 8.8
Disallowed 0

a Values in parentheses relate to the highest resolution shell.
b Rmerge =

P
|I| � ÆIæ/

P
I, where I is the observed intensity, and ÆIæ is the

average intensity obtained from multiple observations of symmetry-
related reflections after rejections.

c R =
P

||Fo| � |Fc||/
P

|Fo|, where Fo and Fc are the observed and
calculated structure factors, respectively.

d Rfree defined in Brunger [31].
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tetragonal crystals used for the structure solution consisted of a 1:1 ratio
of protein solution with a precipitant mixture containing 0.18 M calcium
acetate, 18% PEG 3350, and 0.01 M praseodymium(III) acetate.

Crystals of POZLRF were mounted in a loop after soaking the crystal in
a cryo-solution consisting of 90% crystallization stock solution and 10%
glycerol, and subsequently flash-frozen in liquid nitrogen. The data set
that was used to solve the structure was collected at the SER-CAT
insertion device beamline (22-ID, Advanced Photon Source, Argonne
National Laboratory) equipped with a MAR CCD 225 detector. Data
processing was carried out with the HKL2000 program suite [19]. The
details of data collection and processing are provided in Table 1.

Structure solution and refinement. The structure was solved by molec-
ular replacement with the program PHASER [20] using the structure of
POZBCL6 as a search model. The structure was manually completed with
the molecular modeling program O [21]. The model was refined with
REFMAC [22] followed by manual adjustment against SIGMAA [23]
weighted difference Fourier maps. After several rounds of manual
adjustment and refinement, 117 water molecules were added to the
structure using ARP/wARP [24] in combination with REFMAC.

Model quality was assessed with PROCHECK [25]. All non-glycine
residues in the structure resided either in the most favorable or in the
allowed regions of the Ramachandran plot and the overall geometry was
better than average when compared to structures solved at the same res-
olution. Model refinement statistics are given in Table 1. The atomic
coordinates and structure factors for the POZLRF structure have been
deposited in the Protein Data Bank (PDB) [26] with Accession Code 2IF5.

Results and discussion

Overall, the structures of POZLRF, POZPLZF, and
POZBCL6 are very similar with root mean square deviation
values of �1 Å between their backbone atoms (Fig. 1B).
The core of the domain is formed by five a-helices, which
are flanked by two small b-sheets. No discernable electron
density was observed for loop residues 65–69 of POZLRF.
There are three peaks in the crystal structure where the
electron density exceeds 10 sigmas, indicating the presence
of several heavy atoms. Praseodymium(III) ions were
assigned to these peaks.

The biological unit of all three POZ domains appears to
consist of a compact homodimer with an extensive inter-
face that involves intermolecular b-strand interactions
along with contributions from several a-helices. The dimers
are distinctly non-globular, with dimensions of 55 · 32 ·
29 Å3 for POZLRF (Fig. 1C). The dimer interface buries
�1600 Å2 of surface area per monomer in POZLRF,
whereas the corresponding values are �1700 Å2 and
�2000 Å2, respectively, in the POZBCL6, and POZPLZF

homodimers. The most striking feature of the dimer
interface is the domain-swapped strand b1 that forms an
antiparallel b-sheet with strand b5 from the other molecule.
The domain-swapping is almost certainly not an artifact
of crystallization because it occurs in all three POZ
domain structures determined to date. In fact, the structure
of POZBCL6 in complex with a SMRT-binding peptide
revealed that the swapped b-strands constitute an
integral part of the two pockets required for co-repressor
binding [16].

Located between the two monomers of POZLRF is a
pocket that contains the conserved residues Asp34,
His47, and Arg48 (Fig. 1A). In POZBCL6, this pocket was
originally thought to be involved in the recruitment of
co-repressor SMRT [27]. Accordingly, even very conserva-
tive mutations inside the pocket, such as the substitution of
a lysine for an arginine, clearly interfered with the interac-
tion between POZBCL6 and SMRT. However, when the
crystal structure of POZBCL6 in complex with a SMRT-de-
rived peptide epitope was later determined, the peptide was
found to form a 2:2 complex with POZBCL6, and the pep-
tides were bound within two shallow lateral grooves that
are located on the opposite face of the POZ domain with
respect to the charged pocket [28]. These symmetry-related
grooves are also composed of residues from both mono-
mers, most notably domain-swapped strand b1. Remark-
ably, while the residues in the aforementioned charged
pocket are conserved among the POZ domains of LRF,
PLZF, and BCL6, there is significant sequence divergence
between amino acids that line the lateral grooves. Overall,
the general physiochemical characteristics of only 12 of 23
residues in the lateral grooves are conserved in the POZ
domains of LRF and PLZF. PLZF is also known to asso-
ciate with SMRT, but this requires the full-length PLZF
protein and does not seem to involve the same epitope of
SMRT [27]. Furthermore, in the same study BCL6 exhibit-
ed greater than 10-fold higher affinity for SMRT than
PLZF. The sequence differences within the lateral grooves
between LRF and BCL6 are even more striking than those
between BCL6 and PLZF, with reversed charges in two



Fig. 2. BTBBCL6-SMRT-binding interactions. Hydrogen-bonding inter-
actions between two residues of POZBCL6 and the SMRT-derived peptide
are highlighted and the corresponding residues in POZLRF are superim-
posed to demonstrate that POZLRF is unlikely to bind SMRT in a similar
fashion.
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positions. Residues E25 and D124 in LRF superimpose
well with R24 and K123 in POZBCL6, respectively, the lat-
ter pair of which form short side-chain-mediated hydrogen
bonds with negatively charged E1427 (2.5 Å apart) and
Fig. 3. Electrostatic surface representations of (A) POZLRF, (B) POZBCL6, an
lateral grooves in each structure are labeled 1 and 2, respectively. In the case of
the shallow-binding grooves. The dramatic difference between the distributio
POZLRF and POZPZLF may play a role in dictating the specificity of hetero-o
E1420 (3.2 Å apart) of the SMRT peptide (Fig. 2). There-
fore, if LRF recruits SMRT at all, it almost certainly does
so via a different mode of interaction. Of course LRF may
utilize its lateral grooves for specific binding and recruit-
ment of co-repressor molecules other than SMRT.

One of the more intriguing properties of POK-family
proteins is their ability to form hetero- as well as homo-
oligomers. For example, PLZF and BCL6 have been
shown to interact in vivo [29] and an interaction between
LRF and BCL6 was demonstrated by yeast two-hybrid
experiments [1]. In the latter study, it was also observed
that LRF did not interact with PLZF. The POZ domains
by themselves were sufficient to mediate homodimerization
of each protein, but the formation of LRF/BCL6 hetero-
oligomers required the full-length proteins. This suggests
that one or more regions outside of the POZ domains are
necessary for the formation of hetero-oligomers. However,
an LRF deletion mutant lacking only its POZ domain was
unable to form hetero-oligomers with full-length BCL6 [1].
Thus, hetero-oligomerization of POK family proteins evi-
dently involves both their POZ domains and at least one
other region of the molecules.

The ability of LRF and PLZF to interact with BCL6 but
not with each other may be due to the differing electrostatic
properties of their POZ domains. Whereas both POZLRF

and POZPLZF have an abundance of negatively charged
surface residues (Fig. 3), which is also reflected in their the-
oretical isoelectric points (pI) of 4.4 and 4.9, respectively,
the surface of POZBCL6 displays a more balanced distribu-
tion of positive and negative charges (pI = 7.0). Hence, a
potentially greater degree of electrostatic repulsion between
d (C) POZPZLF. The conserved pocket at the dimer interface and shallow
POZBCL6, the SMRT peptide is also displayed to aid in the visualization of
n of charged residues on the surface of POZBCL6 compared to those of
ligomerization.



Fig. 4. Comparison of packing interactions in crystals of (A) POZLRF and
(B) POZBCL6. In both cases, contacts between adjacent dimers are
mediated primarily by strand–strand interactions involving strands from
all four monomers. Further similarities between the packing arrangements
observed in the POZLRF and POZBCL6 crystals, including interactions
between the two a6 helices, suggest that the same structural elements
might facilitate LRF/BCL6 complex formation. (This figure and all
previous figures with the exception of Fig. 1C were generated with
PYMOL [33]).
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LRF and PLZF than between either of them and BCL6
may dictate the specificity of the interactions.

A clue as to which parts of their respective POZ
domains may participate in the interaction between LRF
and BCL6 might be drawn from remarkable similarities
in the packing arrangements between the POZLRF and
POZBCL6 crystals. Previously, Li et al. [17,18] and Ahmad
et al. [17] observed conserved packing interactions in differ-
ent crystal forms of the POZPLZF structure. These interac-
tions involve the formation of a four-stranded b-sheet, with
four adjacent molecules contributing one strand each. A
similar packing arrangement was later observed in one
crystal form of POZBCL6 [16]. In both cases the authors dis-
cussed the possibility that these contacts might contribute
to the oligomerization of the individual proteins. Because
similar intermolecular interactions are also present in the
POZLRF structure, we considered their potential role in
the formation of hetero-oligomers between LRF and
BCL6. The similarities between the packing arrangements
of POZBCL6 and POZLRF are intriguing in this regard. In
both cases, the interface between dimers involves interac-
tions between two b1 strands from molecules A and C,
and the two a6 helices from molecules B and D (Fig. 4).
The same structural components could conceivably be
involved in BCL6/LRF complex formation. The BCL6/
LRF interface would require a small structural rearrange-
ment, however, because simple superposition of a POZBCL6

dimer onto a second POZLRF dimer produces a steric clash
between the C-terminus of POZBCL6 and helix a1 of
POZLRF.

Because the opposite sides of each symmetric dimer
engage in the same contacts with still other dimers, these
interactions could mediate the formation of higher-order
oligomers. This could explain the observation that LRF
and BCL6 seem to assemble into large, poorly defined olig-
omeric complexes in vivo [1]. However, as Ahmad et al.
pointed out [16], the intermolecular strand–strand interac-
tions between the dimers block a significant portion of the
observed SMRT-binding site, and so the respective interac-
tions of LRF and SMRT with BCL6 would be mutually
exclusive.

In view of its essential role in oncogenic transformation
[8], LRF may be an attractive molecular target for human
cancer therapy. Interfering with the oligomerization of its
POZ domain, or with the ability of POZLRF to recruit
co-repressors, are two possible means of inhibiting the
activity of LRF in cancer cells. Indeed, Polo et al. [30] have
developed a peptide that binds to the lateral grooves of
POZBCL6 and abrogates co-repressor binding, thereby
blocking its function. A similar strategy may also lead to
the development of LRF inhibitors. The availability of
the crystal structure of POZLRF can be expected to facili-
tate the identification of small molecule inhibitors by in sil-
ico screening or rational design.
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